INTRODUCTION
Efficient and rapid mixing in supersonic flow streams is crucial in supersonic propulsion devices. Mixing in supersonic shear flows has been shown to be typically poor due to short convective time scales for achieving molecular level mixing. Rapid mixing down to molecular level is, however, required for the combustion and heat release necessary for propulsion. Mixing improvement in supersonic shear flows has, therefore, been a subject of continuing interest in the propulsion community. A number of active and passive means of enhancing mixing in supersonic flows have been proposed and investigated in the fluid mechanics and combustion literature.
One novel idea, put forth by Marble and co-workers, [1] [2] [3] has been to improve mixing by taking advantage of the weak shock wave systems that typically exist in supersonic flow passages to produce baroclinic vorticity, resulting in more rapid and intense mixing. They demonstrated the feasibility of using unsteady shock propagation to study mixing processes in supersonic combustor geometries by showing that the intersection of an oblique shock wave with a steady fuel jet can be simulated, locally, by the passage of a traveling shock wave though a stationary cylindrical region of gas. A mechanism of vorticity production arises from the misalignment of density gradients in the flow and the pressure gradient imposed by the shock wave. The magnitude of the generated baroclinic vorticity for low-density ratio jets, such as those simulating hydrogen/air mixing in a scramjet with moderately weak shock waves ͑Shock Mach number Ϸ1.1-1.5͒, can be a significant source of vorticity in supersonic flows. 3 In the literature, there are a number of canonical mixing configurations that have been studied experimentally and numerically to gain insight into the effectiveness of this and other mixing enhancement mechanisms due to shock interactions. Some of these are ͑1͒ shock wave/density inhomogeneity interactions, ͑2͒ shock wave/vortex interactions, ͑3͒ shock wave/turbulence interactions, and ͑4͒ the interactions of shock waves with mixing layers and jets involving density gradients between the mixing streams.
One of the most notable studies on shock/density inhomogeneity interactions was performed by Haas and Sturtevant, 4 who studied the behavior of spherical and cylin-drical bubbles of different density upon the passage of normal shock waves. In their study a clear demonstration of vorticity generation by the baroclinic effect at the interfaces that separated gases of different densities is provided. That study involved well-defined initial configurations of density, which upon shock passage, resulted in vorticity production of a different sign, depending on the density field. The magnitude of the generated vorticity appeared to increase with increasing shock strength. Picone and Boris 5 conducted a numerical study of shock propagation through gas bubbles in a configuration similar to the experiments of Haas and Sturtevant. 4 The production of vorticity at the discontinuity interface and its long-time effects in the evolution of the vorticity field were studied in detail. Their numerical results were in good agreement with the findings of Haas and Sturtevant. 4 A detailed numerical study of the interaction of a weak shock wave with an isolated cylindrical gas inhomogeneity was also conducted by Quirk and Karni, 6 who also found similar trends in vorticity generation to those seen in the experiments of Haas and Sturtevant. 4 It should be emphasized that these studies involved well-defined, static, initial density configurations through which the shock propagation occurred. While being highly illuminating, these studies did, however, not consider the effects that might arise in flows characterized by a turbulent density field prior to shock passage. This practically important problem is the subject of the current study.
Several experimental studies have been aimed at understanding the interaction of vortical structures with shock waves. These include works by Hollingsworth and Richards, 7 Dosanjh and Weeks, 8 and Naumann and Hermans. 9 These studies were primarily motivated by noise produced by rockets and supersonic flow streams, and focused primarily on measurements of near-and farfield acoustic pressure fields. For example, the experiments of Hollingsworth and Richards 7 showed that a two-dimensional vortex-shock interaction produced a cylindrical acoustic wave with a cut-out portion at the intersection of the acoustic front and the transmitted shock. Diffractions and refractions of the shock wave in the interaction region were described based on flow visualizations and measurements. However, none of these studies have addressed the scalar mixing field in the shocked regions after the interaction.
Numerical and analytical studies of shock wave-vortex interactions have also been conducted. Ribner 10 provided analytical means of describing shock-vortex interactions and predicting the shape of the acoustic wave front and the circumferential variation of sound pressure. Similarly, Hollingsworth and Richards 11 and Ting 12 formulated linear theories of shock-vortex interactions. In addition to these analytical studies, detailed numerical computations were carried out by Meadows et al., 13 Ellzey et al., 14, 15 and Guichard et al. 16 Meadows et al. 13 used a finite volume method to compute the flow field around a two-dimensional shock-vortex interaction. Their analysis focused on the characteristics of the acoustic pressure and density fields and the effects of vortex strength. Ellzey et al. 14, 15 computed, in more detail, the interaction of weak and strong vortex tubes with oncoming weak shock waves by solving the compressible, timedependent, inviscid conservation equations. It was found that strong vortices interact with a shock in a substantial way to produce regular or Mach reflections. On the other hand, weak vortices caused only a weak perturbation to the shock wave. Guichard et al. 16 conducted a direct numerical simulation of the interaction between vortices and a shock wave, with an emphasis on the generation of acoustic waves and pressure discontinuitites.
In practical combustors where flows are typically turbulent, the interaction of turbulent, variable-density flows with shock waves presents an interesting and important problem. In this spirit, we had earlier studied the interaction of axisymmetric vortex rings consisting of heavy gas injected into air, with oncoming weak shock waves as an important step toward our understanding of such complex flows. 17 The motivation of that study was to determine the changes in the scalar mixing as a result of shock interaction. It was found that the highest and most rapid mixing enhancement occurred for the strong vortex rings interacting with a M ϭ1.44 shock. Mixing enhancement was somewhat lower for the case of a weak vortex ring and M ϭ1.44 shock, and significantly lower for a strong vortex and M ϭ1.21 shock. These results are in qualitative agreement with numerical simulations performed by Ellzey et al. 14 Debieve and Lacharme 18 carried out experiments in free turbulence subjected to shock waves and studied the evolution of grid-generated turbulence after the passage of shock waves. They reported an amplification of turbulent fluctuations in the fluid processed by the shock wave. In this case the fluid was of uniform composition. Amplification of the intensity of grid-generated turbulence by the shock interaction process in a single gas was also observed in the experiment of Keller and Merzkirch. 19 It should be noted that in this case, the turbulence was not characterized by significant variations in density and pressure prior to the shock interaction. In any case, the enhanced turbulence should lead to the enhancement of scalar mixing, to some extent. The shock propagation through a turbulent field of initially nonuniform density was conducted by Hesselink and Sturtevant. 20 That work revealed a shift in the scale of density fluctuations to smaller values due to shock passage, also an indication of enhanced mixing.
Computational investigations on shock/turbulence interactions include the works of Rotman, 21 Hussaini et al., 22 and Lee et al. 23 Rotman 21 investigated the passage of shock waves through both random density and random velocity fields. For the random velocity field, an increase of approximately a factor of 2 in turbulent kinetic energy, as well as a decrease in the turbulent length scales, due to the shock interaction were reported. The amount of amplification was seen to increase with increasing shock strength. A computational study on the effects of shock motion upon turbulence was undertaken by Hussaini et al., 22 who demonstrated the creation of high-intensity Reynolds stresses and increased turbulence by shock passage. Amplification of the shear stress and turbulent fluctuations was also seen in direct numerical simulations conducted by Lee et al. 23 In the category of shock-jet interactions, shock waves incident normal to the axis of a laminar jet have been studied experimentally and numerically by Jacobs, 24 Budzinski, 25 Waitz et al., 26 and Yang et al. 27, 28 Jacobs 24 investigated the interaction of a normal shock wave propagating across the cross section of a laminar helium jet using schlieren and planar laser-induced fluorescence imaging. The dynamics of vorticity production and the convection of the generated vortex pair were analyzed. The detailed mixing information could not be obtained from these experiments because of the issues concerning differential diffusion effects of the fluorescent tracer ͑biacetyl͒ used. The same experiment was later revisited by Budzinski 25 using a Rayleigh scattering measurement technique. This experiment provided quantitative information on mixing enhancement in the particular shock/ jet interactions they studied. Waitz et al. 26 studied injection of a supersonic helium stream through a contoured ramp wall injector into a supersonic air stream containing an oblique shock. Three-dimensional surveys of injectant mass fraction, static temperature, and pressure were made. These results were compared with computations performed using a threedimensional CFD code. Computed results were found to compare favorably with the experiments. Yang et al. 27, 28 conducted a numerical simulation of two-dimensional, shockinduced vortex flows in a light-gas inhomogeneity consisting either of uniform concentration 27 or an assumed initial concentration profile consistent with that of a laminar jet. 28 In both cases, they observed the roll-up of the light gas region into counter-rotating vortices due to shock passage. They also reported that the amount of fluid stretching increased with increasing shock Mach number. In addition, Vasilev et al. 29 conducted a numerical study of a three-dimensional supersonic jet interacting with an oblique shock. Their results suggested an increase in the mixing rate of air and helium jet gas of a factor of 2-4 due to the shock interaction. Their simulation also suggested the presence of secondary flows generated by vortices formed behind the shock, which they attributed to the baroclinic torque effect discussed previously. These studies have demonstrated mixing enhancement due to the baroclinic vorticity generated by shock passage through different regions of nonuniform density gas. The convective flow field generated by shock passage can also lead to shear ͑Kelvin-Helmholtz͒ instability, 4, 24 suggesting that the growth of actual disturbances and subsequent mixing enhancement may be a combined result of several instability mechanisms.
In the class of problems involving jet-shock wave interactions, one configuration of interest is the interaction of turbulent jets with shock waves traveling along their axes, as shown in Fig. 1 . In this flow, the density gradients in and around a turbulent jet are processed by the oncoming shock wave producing considerable amounts of azimuthal vorticity, and hence mixing enhancement. This configuration was employed by Alessandri and Cetegen, 30 who utilized Rayleigh scattering to image the concentration field of turbulent propane jets in air as they interacted with oncoming weak normal shock waves. That study did not, however, consider lower-density jets. A similar configuration was studied numerically in two dimensions ͑i.e., a planar jet͒ by Obata and Hermanson. 31 Our primary goal in the current work was to conduct a systematic study of turbulent jet/shock interactions, which is directly relevant to supersonic combustion applications. In this article, we report experimental results on the mixing enhancement in an axisymmetric turbulent jet of nonuniform density, where the jet is both lighter and heavier than the surrounding air, caused by the passage of weak shock waves along the jet axis. This is a configuration of practical interest, and extends the previous studies involving initially stagnant volumes of light gas by bringing in the important effects of turbulence and the rapid mixing/dilution associated with turbulent jets. 32 The relative simplicity of the current configuration also aids in the study of the fundamental mixing mechanisms operative in more complicated combustor geometries. The two experimental variables considered here are the density ratio between the jet fluid and the surrounding air stream, and the shock strength ͑or Mach number͒.
II. EXPERIMENT

A. Flow facility
The experimental configuration consisted of an axisymmetric jet ͑1.1 mm i.d.͒ centered in the 5ϫ5 cm squaredriven section of a shock tube, as shown in Fig. 2 . The jet nozzle was mounted in a 0.64 cm diam stainless steel tube with a length of 36 cm along the shock tube centerline. The driver section of the shock tube was of a circular cross section with an inside diameter of 5.0 cm. Shock waves were generated by overpressurizing a Mylar diaphragm situated between the shock tube driver and driven sections. Immediately downstream of the diaphragm, four inlets provided a flow of air from an external compressed air supply to the driven section to satisfy the entrainment appetite of the jet, thus preventing jet recirculation. The velocity of this coflow stream ͑1-2 m/s͒ was much lower than the jet velocities, hence it did not cause a significant perturbation to the jet itself or to the characteristics of the shock wave.
Shock arrival times were detected by two fast-response pressure transducers ͑PCB Model:113 A21, ⌬t rise ϳ3-5 s) mounted 33 cm apart, allowing measurement of the shock velocity and also providing a trigger signal for the imaging system. The pressure signals were acquired by a LeCroy 9540A dual channel digital oscilloscope. The shock tube diaphragm was burst at pressures of 3.0 and 6.4 atm, producing average measured shock Mach numbers in the test section of M Ϸ1.23 and 1.45, respectively. These will be referred to as the ''weak'' and ''strong'' shock waves in this work, respectively. The shock Mach numbers were generally repeatable to within 5%. The initial temperature of the air in the test section was 300 K.
The test section in the driven section of the shock tube was equipped with four UV grade quartz windows, each 12.6 cm in length. The two side windows ͑to allow laser light illumination͒ were 2.0 cm in width. The front window used for Mie imaging was 2.8 cm wide. The exit of the test section was open to the atmosphere facilitating the discharge of the flow. In all cases, imaging was performed when the shock wave was still in the test section.
The three jet gases were helium, air, and carbon dioxide. The corresponding nominally density ratios of the jet to the air coflow were He / air ϭ0.14, air / air ϭ1.0, and CO 2 / air ϭ1.52. The low-density helium jet simulates the mixing of hydrogen and air ( H 2 / air ϭ0.070). The air jet allows the study of the shock-induced mixing when there is essentially no density difference between the jet and its surroundings. The last combination explores the effects of reversing the direction of density gradients, and is relevant to the injection of a hydrocarbon fuel ͑such as propane͒.
To facilitate a comparison, all jets were run at similar values of the local Reynolds number, defined here as Re ␦ ϭU cl ␦/ cl , where U cl is the mean centerline velocity, ␦ the local jet width, and cl is the kinematic viscosity corresponding to the mean centerline composition. The local Reynolds number of the helium jet changed with downstream distance due to jet dilution. The mean centerline jet fluid volume fraction can be expressed 32 as
where c 0 is the jet exit concentration and x 0 is the virtual origin. The corresponding centerline velocity is expressed as , where 0 and a are, respectively, the jet and ambient densities. The constant factor results from integrating the fully developed turbulent jet exit velocity profile. 33 The local thickness of the jet, ␦, and the virtual origin were determined by linear fits to the visually determined edges of the jets. The local Reynolds number of the helium jet increased somewhat with downstream distance, as shown in Fig. 3 . Correspondingly, the local Reynolds number of the carbon dioxide jet decreased slightly. In both cases, the local Reynolds number was within 6% of the corresponding value for air for the downstream measurement stations examined in this investigation. The jet exit Reynolds numbers were Re 0 ϵU 0 d/ 0 ϭ4200 for the helium jet, Re 0 ϭ21 600 for the carbon dioxide jet, and Re 0 ϭ14 600 for the air jet, respectively. The mean jet exit velocities for the helium, carbon dioxide, and air jets were, respectively, 531, 193, and 236 m/s.
B. Experimental diagnostics
Planar Mie scattering was used for the visualization of the flow structure and the quantitative measurement of concentration. The imaging system utilized a pulsed Nd-Yag laser ͑Continuum YG-681-10͒ at its second harmonic wavelength of 532 nm. The beam was expanded into a sheet through a set of two cylindrical lenses. The first cylindrical lens ( f ϭ200 mm) expanded the beam into a sheet. The second cylindrical lens ( f ϭ100 mm) focused the sheet in the image plane to obtain a sheet of about 100 m thickness on the jet axis. The distance illuminated along the jet axis extended approximately 6.2 cm. Immediately before each image acquisition, the laser was stopped from firing by time sequencing electronics. Detection of the shock passage by the first pressure transducer caused the laser to resume firing. The first laser pulse served to capture the jet-shock interaction in the viewing section. The nominal 10 ns duration of each laser pulse was sufficiently fast to effectively freeze the flow field.
A single Mie scattering image for each test run was acquired by a 1035ϫ1312 pixel thermoelectrically cooled CCD camera ͑Photometrics MC-200͒ interfaced to a Macintosh Quadra 840 image analysis computer. The signal-to-noiseratio of the images was better than 100. Mie scattering sites were provided by seeding the jet with mineral oil smoke produced from a custom-built smoke generator heated to a temperature of typically 600 K. The exit jet temperature was approximately 318 K and the jet gas contained an oil concentration of less than 2% by mass. This method of generating smoke 34 typically produces particles in a size range of roughly 0.2-2.0 m.
A four-step process was employed to extract quantitative concentration information from the acquired Mie scattering images. First, a background image ͑typically an average of five images͒ was subtracted from each image. This effectively removed the background signal level in the flow, typically reducing the signal in the coflow to less than 1% of the typical jet concentration. After background subtraction, each image was divided by an average system response image to correct for nonuniform laser illumination and optics. The system response image was obtained by blocking the exit of the shock tube, allowing the tube to fill with jet fluid/oil smoke and reach a uniform smoke concentration. Typically five images were averaged to get the system response. Subsequently, minor variations in shot-to-shot laser pulse intensity and/or oil smoke density at jet injection were taken into account by comparing the centerline image intensity ͑after background subtraction͒ with that of an ensemble of at least ten steady jets. The extent of the centerline concentration profiles employed for this scaling ranged from the nominal shock location to the downstream edge of the test section. This amounted to 32 jet diameters for cases where the shock wave was located at (xϪx 0 )/dϭ30 to 13 diameters for (x Ϫx 0 )/dϭ50. This normalization allows the quantitative comparison of the shock cases with the corresponding unshocked jets by comparing regions ahead of the shock wave. Finally, in the Mie scattering images containing a shock wave, a correction was made for the number density change across the shock wave. The density jump across the shock wave can be expressed as
where ␥ is the ratio of specific heats for the fluid in which the shock propagates. The density variations behind the shock are, strictly speaking, dependent on the local ratio of specific heat ␥. The thermodynamic properties of air were used in these calculations ͑the average centerline concentrations of helium and carbon dioxide did not exceed 10% and 33%, respectively, for the downstream distances of interest, leading to a change in sound speed of less than 5% and 10% for the helium and carbon dioxide jets, respectively͒. The corresponding variation in specific heat ratio was less than 1% for all jets. In addition, the uniformity of the static pressure behind the wave was confirmed by pressure measurements.
III. RESULTS AND DISCUSSION
A. Turbulent jet structure
A representative gray-scale Mie scattering image of a turbulent helium jet is shown in Fig. 4͑a͒ . The flow is from left to right, with the jet nozzle exit visible at the left of the figure. The lightest regions of the image correspond to the highest signal levels. The region shown represents a downstream extent of roughly 55 nozzle diameters. The average jet growth rate, based on visual observation, was d␦ vis /dx ϭ0.36. The Mie scattering images exhibit the classical largescale mixing patterns observed in turbulent jets. The mean jet fluid concentration appears to decrease with increasing downstream distance, as expected. From the Mie scattering images in the air coflow region, it was confirmed that there was no recirculation of jet fluid.
Figures 4͑b͒ and 4͑c͒ show the interaction of the jet with the weaker of the two shock waves (M Ϸ1.23) propagating axially through the jet, moving from left to right. The indicated shock positions at the moment the images were taken correspond to the axial stations (xϪx 0 )/dϭ28 and (x Ϫx 0 )/dϭ49, respectively. The images shown were not corrected for the density rise across the shock. The laser pulse intensity was increased for the images where the shock was at the downstream location of (xϪx 0 )/dϷ50 to better reveal the turbulent structure in low-concentration regions of the jet. Corresponding images for the strong shock (M Ϸ1.45) interacting with the helium jet are shown in Fig. 5 . The images presented in Figs. 4 and 5 show a qualitative change in structure of the jet due to shock passage. This is perhaps most evident in Fig. 5͑c͒ , where the shock is at the location (xϪx 0 )/dϭ46. This change in structure is believed to be a manifestation of the production of baroclinic vorticity in the azimuthal direction, with the potential benefit of enhancing mixing between the jet fluid and its surroundings. The vortical structure is somewhat more pronounced for the strong shock ͓Figs. 5͑b͒ and 5͑c͔͒ than for the weaker shock ͓Figs. 4͑b͒ and 4͑c͔͒. Close-up images of the vortical structure for the case M ϭ1.46, are shown in Figs. 6͑a͒ and 6͑b͒ for (x Ϫx 0 )/dϷ30 and in Figs. 6͑c͒ and 6͑d͒ for (xϪx 0 )/dϷ50, respectively. The shock positions relative to the structures were similar to those indicated in Figs. 5͑b͒ and 5͑c͒. These images clearly show the presence of a large vortical structure with two vortex cores on either side. As the images display a cut through the axis of the jet, the vortical structure is believed to be of toroidal shape in this axisymmetric jet configuration. Flow features suggest that the vortex circulation is such that jet core fluid is preferentially accelerated in the direction of jet flow by the shock wave. The horizontal features seen in the image are not flow features, but are due to scuffing of the test section windows by fragments of the Mylar diaphragm.
Corresponding shock/jet interaction images for the air jet are presented in Fig. 7 . The unshocked air jet ͓Fig. 7͑a͔͒ has a somewhat smaller growth rate (d␦ vis /dxϭ0.27) than the corresponding helium jet. The shock strength was the same as for the helium jet cases shown in Figs. 5͑b͒ and 5͑c͒. The location of the shock wave is often quite visible from the change in intensity, as indicated in these images. In no case did the interaction of the normal shock with the air jet give rise to the vortical structure observed in the helium jets. The lack of significant density gradients in the air jets precluded the generation of significant amounts of the baroclinic vorticity in this case.
A representative carbon dioxide jet is shown in Fig. 8͑a͒ . For this jet the average measured growth rate was d␦ vis /dx ϭ0.26. The shock/jet interactions are shown in Figs. 8͑b͒ and 8͑c͒ for the downstream locations of (xϪx 0 )/dϭ32 and 52, respectively. Qualitatively, the carbon dioxide jet after shock passage appears similar to the air jet discussed previously, in that it does not appear, at either downstream location, to exhibit the secondary vortical structure that arises for the case of the helium jet. This suggests that baroclinic vorticity generation has a fundamentally different effect in the high-density carbon dioxide jet than in the low-density helium jet. Since the pressure rise due to shock passage, for a given shock Mach number, is not greatly different for the two jets ͓based on the centerline mean concentration, the pressure rise differs by less than 1% at (xϪx 0 )/dϷ30], the magnitude ͑and sign͒ of the baroclinic torque is driven primarily by the density gradient.
A large-scale mean density gradient for the jet can be defined by dividing the density difference between the mean centerline value and that of the free stream by the local jet width, to give ⌬/␦ϵ( cl Ϫ air ͒/␦ vis . The average centerline density of the jet, cl , can be expressed for an ideal gas in terms of the mean centerline jet concentration, as in Eq. ͑1͒. Neglecting possible minor variations in pressure and temperature then allows the density gradient to be expressed as
where p and T are, respectively, the pressure and temperature, R the universal gas constant, M is the molecular weight, and ␦ vis Ј ϭd␦ vis /dx. The mean large-scale density gradient for the carbon dioxide and helium jets will be, in general, different for a given normalized downstream distance, (xϪx 0 )/d. The relationship between the downstream distances in the two jets for which the mean density gradients would be of the same magnitude can be established by writing Eq. ͑3͒ for both the helium and carbon dioxide jets, and equating them to give ͉⌬/␦͉ He ϭ͉⌬/␦͉ CO 2 . The expression relating the downstream stations for the two jets is
͑4͒
This dictates a relationship between the corresponding downstream stations. Numerically, this gives (xϪx 0 ) He ϭ0.602 (xϪx 0 ) CO 2 , so that the magnitude of ⌬/␦ for the carbon dioxide jet at (xϪx 0 )/dϭ50 is comparable to that of the helium jet at (xϪx 0 )/dϭ30. For the case of the carbon dioxide jet, the density ratio of the injected jet gas to that of the surrounding air coflow is substantially closer to unity ( CO 2 / Air ϭ1.52) than for the case of the helium jet ( He / Air ϭ0.14). However, the helium jet is subject to a more rapid decrease in the mean jet concentration with downstream distance than the carbon dioxide jet. Thus the large-scale density gradient is similar in magnitude for the helium jet at (xϪx 0 )/dϷ30, where the generation of the large-scale secondary structure due to shock passage is evident ͓Figs. 4͑b͒ and 5͑b͔͒, to that of the carbon dioxide jet at (xϪx 0 )/dϷ50, where evidently no such structure is generated ͓Fig. 8͑c͔͒. Further, no secondary structure appears to have been generated in the carbon dioxide jet at the location (xϪx 0 )/dϷ30, where the magnitude of the large-scale density gradient is a factor of approximately 2.8 greater than for the helium jet at the same downstream location. These results are qualitatively consistent with the numerical results of Obata and Hermanson, 31 which also showed a much more substantial structural change for a helium jet than for either an air or carbon dioxide jet subjected to the passage of a shock of similar strength.
That a secondary structure appears to be generated for the helium jet, but not for the carbon dioxide jet, is different than the results of the experiments of Haas and Sturtevant 4 and the numerical simulations of Picone and Boris 5 and Quirk and Karni, 6 where the production of baroclinic vorticity was seen to yield significant structural changes in both cases. However, that flow configuration involved two initially separated, stagnant volumes of gas ͑the core was either lighter or heavier than the surroundings͒, rather than the highly nonuniform density field associated with the turbulent flow studied here. Because of these differences in the initial configuration, similar manifestation of baroclinic vorticity production seen in those previous works cannot necessarily be expected in the turbulent case studied here. Our results suggest that, for turbulent shear flows undergoing shock interaction, the sign of the baroclinic torque term, as dictated by the overall density gradient in a turbulent jet is important for modifying the large-scale turbulent structure. For the case of the helium jet, the baroclinic vorticity has the same sense as that of the overall circulation in the jet, while the sign is opposite for the carbon dioxide jet, as can be seen from the vorticity transport equation ͑the first term on the right-hand side is the baroclinic torque source term͒:
Thus, for the helium jet, the circulation generated by the action of the baroclinic term is in the same direction as that of the overall, mean circulation in the jet. In this case the generated circulation appears to augment the existing circulation in the jet, leading to a visible structural change. By contrast, the baroclinic circulation generated for the carbon dioxide jet is of an opposite sense to the mean jet circulation, and this evidently is not sufficient for the creation of new, organized structure in the flow. The implications of these phenomena on mixing are discussed in the next section.
Other effects of shock passage can be seen in Figs. 5, 7, and 8. First, the higher static pressure downstream of the shock (p 2 / p 1 ϭ2.25 for the strong shock͒ essentially stopped the jet flow at the nozzle exit. Second, the high convection velocity downstream of the shock ͑Ϸ217 m/s for this case͒ shifted the jet fluid downstream of the nozzle tip, leading to the regions relatively clear of jet fluid seen in the figures. Thus, the apparent increase in the angle of the air jet with shock passage, as seen by comparing Figs. 7͑b͒ and 7͑c͒ with Fig. 7͑a͒ , does not necessarily represent an increase in the jet growth rate, but is mostly a consequence of the fluid nearest the nozzle exit being displaced farther downstream than fluid near the shock front at the instant the image is acquired. While these effects are expected, taking this shift into account is critical in the quantitative determination of mixing enhancement in which similar regions of the jet with and without shock passage need to be compared.
B. Spatial concentration probability density functions
The spatial probability density functions ͑pdf͒ of jet fluid concentration were based on the Mie scattering signal distributions for the regions behind the shock position for each acquired image. The spatial probability of concentration, P(c), was determined by counting area elements displaying a concentration between c and cϩ␦c, and then normalizing by the total imaged area. Comparison of the pdfs for jets with and without shock interaction allows assessment of the effect of shock interaction on mixing. These pdfs were evaluated over rectangular regions that included the regions of the jet processed by shock waves and they were compared with the corresponding regions of the turbulent jets without shocks.
Three representative sets of pdfs for air jets are shown in Figs. 9͑a͒ and 9͑b͒. The abscissa, c, in counts refers to the measured signal intensity, which was proportional to the concentration of oil smoke tracer. The extent of each pdf region in the streamwise direction was ⌬xϭ5.0d and ⌬x ϭ6.6d for the locations (xϪx 0 )/dϷ30 and (xϪx 0 )/dϷ50, respectively. The lateral extent of the spatial pdf region slightly exceeded the local jet diameter. The variability between the individual pdfs is due to the temporal fluctuations in the turbulent jet flow. As the downstream distance increases and the mixing progresses, the peaks of the pdfs shift to lower concentrations, as seen by comparing the pdfs at (xϪx 0 )/dϷ30 and those at (xϪx 0 )/dϭ50.
The mean mixed jet fluid concentration can be calculated from a given pdf using the relation c ϭ͐ 6 490 cP(c)dc, where c is expressed in units of signal intensity between 0 and 500. Depending on the chosen domain over which the pdf is calculated, a portion of the domain extends beyond the jet and is occupied by the surrounding gas. This portion is represented by a peak at very low concentration in the calculated pdfs. Consequently, the values of the moments can be influenced by the presence of the near-zero concentration zone outside the mixing region. One method of removing this effect is to clip the pdfs at a selected low value of the jet fluid concentration. This eliminates pure ambient fluid and background noise; the upper limit rejects any signal spikes due to reflections from dust particles, etc. This amounts to replacing the lower limit of the integrals by a small finite value, ⑀ 1 , and reducing the upper limit by the amount ⑀ 2 . The magnitude of ⑀ 1 was assigned primarily based on the noise in the concentration image outside the jet, and the value ⑀ 1 ϭ6 intensity counts proved sufficient for all images. The corresponding quantity for the upper limit was ⑀ 2 ϭ10. In a similar fashion, the variance of the distribution was calculated as 2 ϭ͐ 6 490 (cϪc ) 2 P(c)dc. To assess the overall effect of shock passage on mixing, pdfs were determined over fixed regions for the jet, with and without shock interaction. The extent of the image in the streamwise direction over which the pdf was computed was fixed at ⌬xϭ3.3d and 4.3d for the shock wave locations at (xϪx 0 )/dϷ30 and (xϪx 0 )/dϷ50, respectively. To allow for quantitative comparison of the pdfs between jets with and without shock interaction, the streamwise extent of the pdf zones for the unshocked jets was larger than that for the corresponding cases with shock wave interaction. This accounts for the shortening of the jet due to convection behind the shock, as discussed previously. For the region immediately downstream of the shock, neglecting the velocity compared to the convection velocity behind the shock, the required contraction is equal to the velocity ratio across the shock wave, v 1 /v 2 ϭ 2 / 1 .
Computed pdfs for the helium jet case are shown in It can be seen from Fig. 10͑a͒ that the character of the pdf changes dramatically upon shock interaction. For the nearer downstream location, (xϪx 0 )/dϷ30 ͓Fig. 10͑a͔͒, there appears to be a distinct shift in the most probable fluid concentration toward lower values ͑i.e., more mixing͒ owing to shock passage. The amount of this mixing enhancement appears to be greater for the stronger shock. The narrowing of the pdf distribution after shock passage suggests that the enhanced mixing also results in a spatially more uniform mixture. These effects are consistent with the enhanced stirring of the jet fluid by the baroclinic vorticity induced within and around the jet boundary upon passage of the shock wave ͑it is important to note that density gradients exist throughout the turbulent jet region͒. Considerably less mixing enhancement is apparent at the farther downstream location of (x Ϫx 0 )/dϷ50, as shown in Fig. 10͑b͒ . In this case, the significantly lower jet concentration due to the dilution of the turbulent jet leads to a decrease in the density gradients in the jet, which would necessarily weaken the production of vorticity in this case. Thus, the induced vorticity and the resulting mixing rate can be higher in regions near the nozzle than downstream locations. The relatively strong enhancement of mixing for (xϪx 0 )/dϷ30, shown in Fig. 10͑a͒ , is most likely due to this effect.
Corresponding pdfs for the air jet cases with the two different shock strengths are shown in Figs. 11͑a͒ and 11͑b͒ . In these cases, there appears to be no consistent shift in the pdf toward lower concentrations, suggesting little change in mixing due to the shock/jet interaction. A similar lack of change in mixing was apparent from the pdfs of the carbon dioxide jets ͑not shown͒. It should be noted that all pdfs presented in Figs. 10 and 11 represent individual realizations, and there is no direct connection between the shock cases and the corresponding jet cases shown.
To get a quantitative estimate of the mixing enhance- ment due to shock passage, the ratio between the spatially averaged mixed jet fluid concentration for cases with normal shocks to the corresponding region of jet fluid of the unshocked jet was calculated from the pdfs for several ͑six to ten͒ shocked and unshocked jet pairs. The results were then averaged. The average results for the cases considered in this investigation are presented in Table I . Although the mean mixed fluid concentration in an individual pdf can vary by as much as Ϯ15% from shot to shot, the uncertainty in the average ratios of mean concentration cited in Table I is estimated to be approximately Ϯ8%.
The most pronounced mixing enhancement, amounting on average to nearly 30% occurred for the case of the stronger shock (M Ϸ1.45) and the helium jet at the location (x Ϫx 0 )/dϷ30. It should be noted that observable changes in flow structure and measurable mixing enhancement occur even for the dilute jet fluid concentrations in a turbulent jet ͓for example, at (xϪx 0 )/dϷ30, the centerline average helium concentration was less than 6%͔. The mixing enhancement decreased to roughly 10%, for the same shock strength, as the downstream distance in the jet was increased to (x Ϫx 0 )/dϷ50. By comparison, noticeably less mixing enhancement was apparent for the weaker shock strength (M Ϸ1.23), even at (xϪx 0 )/dϷ30. In this case, the amount of mixing enhancement did not exceed 9%, which begins to approach the level of scatter in the data. The scatter in the data does not, however, obscure the clear enhancement of mixing in the helium jet at (xϪx 0 )/dϷ30 for both shock strengths and at (xϪx 0 )/dϷ50 for the stronger shock. In addition to the increase in mixing, there was a consistent decrease in the variance of the pdf distribution, 2 , after shock passage for the helium cases, indicating a shift to a more uniform concentration field. The dependence of the degree of mixing enhancement on shock strength observed here was somewhat greater than that found in the earlier work with high-density jets ͑propane in air͒. 17 It can be noted that the changes in turbulent flow structure were somewhat more apparent at the downstream location of (xϪx 0 )/dϷ50 than for (xϪx 0 )/dϷ30, but the greater change in mixing was seen at (xϪx 0 )/dϷ30. The larger lateral extent of the jet at (xϪx 0 )/dϷ50 makes the changes in jet structure easier to recognize than at (xϪx 0 )/dϷ30. The vortex-like structure is also apparent at (xϪx 0 )/dϷ30, if on a somewhat smaller overall scale, where the both the fluid velocities and the density gradient are higher than at (xϪx 0 )/dϷ50. The combined effects of higher stirring velocity and higher density gradient could reasonably be expected to yield a greater mixing enhancement near the nozzle exit.
Neither the air jet nor the carbon dioxide jet cases appeared to show a measurable degree of mixing enhancement for the conditions studied, as shown in Table I . There was also no systematic trend in the variance for these cases. The injection of an air jet into an air coflow gives a density ratio of nearly unity in these experiments, thus effectively eliminating the density gradients due to variations in mixture composition. It is therefore expected that the baroclinic vorticity production is essentially nonexistent in this case. The results of Alessandri and Cetegen 30 also suggest that the induction of baroclinic vorticity and its impact on mixing appear to be greatly diminished in effectively isodensity jets.
The results of this study also suggest that baroclinic vorticity generation does not play a significant role in mixing enhancement of high-density jets. The lack of mixing en- hancement due to shock passage for the carbon dioxide jet is apparent from the results shown in Table I . This lack of mixing enhancement occurs even though the magnitude of the overall density gradient ͓and hence the baroclinic vorticity production term in Eq. ͑5͔͒ was comparable, and in some cases exceeded, that of the helium jets, as discussed previously ͓Eqs. ͑2͒-͑3͔͒. It can also be noted that Eq. ͑5͒ indicates that, for light jets, the generated baroclinic vorticity is the same sense as that of the mean vorticity near the jet boundary. For the heavy jet, the sense of the baroclinic vorticity would be opposite that of the mean jet vorticity. This suggests that the secondary structure generated by shock passage may play an important role in the mixing enhancement seen for the case of the light jet. These trends in mixing enhancement were also seen in the numerical simulations of Obata and Hermanson, 31 where the most significant mixing enhancement was seen for a helium jet, and considerably less mixing for the air jet. In addition, the mixing characteristics of the carbon dioxide jet were nearly identical to those of the air jet in that study.
Previous research on shock/turbulence interaction ͑De-bieve and Lacharme, 18 Keller and Merzkirch, 19 Rotman, 20 Hussaini et al., 22 and Lee et al.
23
͒ does suggest that there may be some enhancement in mixing simply due to the passage of the shock wave through the turbulent flow field of the jet, even for the case of the isodensity jets. The data summarized in Table I suggest, however, that only for the helium jet is there a substantial change in jet concentration due to enhanced mixing, and that there is considerably less, if any, mixing enhancement for the air and the carbon dioxide jets. This seems to suggest that the shock/turbulence mechanism is not primarily responsible for the observed increase in mixing for the light gas ͑helium͒ jet case.
These results suggest that even greater mixing enhancement in low-density jets could be obtained in the near field of the jet, that is, for (xϪx 0 )/dϽ20. In this region, the jet turbulence however ceases to become self-similar, complicating a comparison between jets of different gases. For this reason, the near-field region was not considered in the current work. However, these results, as well as earlier research, point to the effectiveness of shock interaction as a mixing augmentation scheme that could be realized in supersonic combustor flow passages where weak shock systems typically exist.
C. Concentration decays
In the previous section the effects of shock passage on the mean fluid concentration in a fixed region immediately behind the shock wave was discussed, to allow the determination of the overall changes in jet mixing due to shock passage. In this section the temporal and spatial development of the mixed fluid concentration behind the shock wave will be explored. The following discussion will be restricted to the M ϭ1.45 ͑strong͒ shock strength and air and helium jets only. Since the effects of shock interaction on mixing are generally more marked for the M ϭ1.45 shock than for the weaker M ϭ1.23 shock, only the former case will be considered here.
The spatial variation of mean concentration with distance from the shock position is shown for three representative helium jets in Fig. 12͑a͒ . In this case the shock position was roughly at (xϪx 0 )/dϷ30. Each data point shown represents the mean jet fluid concentration in a region that extended upstream roughly 2.6-5.3 jet diameters, with a lateral extent that exceeded the local width of the jet in all cases. The mean concentration was calculated for each region, as defined previously. The abscissa in Fig. 12͑a͒ ͑and all the figures that pertain to this discussion͒ represents the distance between a given downstream location and the shock front, the latter being situated at the location x ϵxϪx s ϭ0. For cases with a shock wave, x corresponds to the actual physical distance. To allow a direct comparison between the curves for the shock and that for the jet without the shock, the abscissa values of the jet case without shock interaction have been shifted, as described previously, so that for the jet case x ϭ 1 / 2 (xϪx s ). This coordinate transformation takes into account the ''shortening'' of the jet due to shock passage, as discussed previously, so that none of the observed phenomena shown in Figs. 12͑a͒ and 12͑b͒ are an artifact.
All datasets were scaled to coincide just ahead of the shock wave to more clearly reveal trends in jet fluid concen- tration with distance behind the shock wave. Here, c ref is the spatially averaged concentration at x /dϷϩ2, which is ahead of the shock wave. The variation in mean concentrations with distance behind the shock wave represents both a spatial and a temporal variation due to the unsteady nature of the shock propagation. In other words, the points nearest the shock position (x ϭ0) have been processed by the shock wave more recently than points farther behind the shock (x Ͻ0).
The average concentration for the helium jets ͑without shock interaction͒ shown in Fig. 12͑a͒ increases with decreasing downstream distance ͑i.e., decreasing x ), as expected. By contrast, for the case with shock interaction, a rapid decrease in mean jet fluid concentration with shock passage is apparent for each of the three representative concentration profiles shown, with the mean concentration decreasing markedly within one nozzle diameter of the shock wave. As the distance behind the shock wave increases ͑i.e., x becomes more negative͒, the profile becomes relatively flat compared to the jet profile, the concentration of which increases continuously. Qualitatively similar behavior is seen for the helium jet cases where the shock position was at the location (xϪx 0 )/dϷ50, as seen in Fig. 12͑b͒ , except that in this case the reduction in mean concentration is more gradual immediately behind the shock wave than for the (xϪx 0 )/d Ϸ30 case.
Corresponding results for air jets with and without shock interaction are shown in Figs. 13͑a͒ and 13͑b͒ for shock locations at (xϪx 0 )/dϷ30 and (xϪx 0 )/dϷ50, respectively. The air jets without shock waves show a qualitatively similar trend in mean concentration with increasing distance behind the shock wave as the helium jet cases, but with less mixing change in the region immediately behind the shock wave, as discussed previously. The cases with shock interaction, for both the helium and air jets show a rise and fall in average jet concentration with increasing distance behind the shock wave. This behavior is most apparent at the downstream location of (xϪx 0 )/dϷ50. The relatively more extended concentration profile for the air jet cases is consistent with the absence of the vortex structure that serves to shorten the jet for the helium cases due to shock passage.
A qualitative argument can be developed to help explain the trends in mean concentration due to shock passage described above. First, a characteristic time for the eddy turnover and mixing associated with the large-scale structures in the jet can be defined as m ϳ␦/U cl . The local jet diameter and centerline mean velocity can be expressed as ␦ vis ϭx ␦ vis Ј and U cl ϳU 0 d*/x , where x ϵxϪx 0 . The characteristic mixing time in the jet thus depends on the downstream distance as m ϳx 2 ␦ vis Ј /U 0 d*. Thus, for a given jet gas and injection condition, m ϳx 2 . The passage of a shock wave through the jet results in a drastic change in the flow field surrounding the jet, with both the jet gas and coflow experiencing a sudden increase in flow velocity. The amount of any mixing enhancement that accompanies the change in the flow velocities will increase with the elapsed time after shock passage. This ''exposure time'' can be expressed simply as s ϭ(x s Ϫx )/V s , where x s ϵx s Ϫx 0 and V s is the shock propagation speed. The ratio of these two characteristic times, m and s , thus serves as a nondimensional measure of the ''age'' of the shock interaction at any given location in the jet. Thus, a mixing parameter can be defined as ϵ s / m . Analytically, ϳ(x s Ϫx )/x 2 for all x s Ϫx Ͼ0 ͑that is, x Ͻ0). The actual mean concentration in the jet at a given downstream location will, in addition to the amount of mixing enhancement due to shock passage, also depend on the mean concentration in the jet at a given downstream location prior to the interaction. This suggests that the concentration ratio be expressed as c*ϭc i * f (), where c i * is the initial ͑unshocked͒ concentration at a given location. This simple argument does not suggest a form for the function f (). However, it can be noted that this function must satisfy the initial condition f (0)ϭ1, since at zero elapsed time from shock passage, there will be no change in mixing. It can also be expected that f () must decrease with increasing . One simple function that satisfies these conditions is f ()ϭ1/(1 ϩA n ). At this stage the values of the constant factor A and the exponent n need to be determined from the experiments.
The utility of this simple argument in accounting for the observed trends in jet concentration behind the shock can be seen from the curves shown in Figs. 12 and 13 . The solid curves shown in the figures were calculated using the powerlaw functional form for f () described above. A nonlinear least-squares curve fit routine was employed to determine the values of the parameters A and n. For all cases shown, with the exception of the helium jet at (xϪx 0 )/dϷ30, the form f ()ϭ1/(1ϩA n ) provides a reasonable fit to the data. For the helium jet at (xϪx 0 )/dϷ30, a slightly different form of f ()ϭ0.55/(1ϩA n ) was adopted to allow for the very rapid decrease in mean concentration immediately behind the shock wave. The values of the parameters A and n are as follows: For the helium jet at (xϪx 0 )/dϷ30, Aϭ0.22 and nϭ2.6; the corresponding values at (xϪx 0 )/dϷ50 are A ϭ1.2 and nϭ1. 4 . For air at (xϪx 0 )/dϷ30, Aϭ0.80 and n ϭ1.0, at (xϪx 0 )/dϷ50 Aϭ0.4 and nϭ1.2.
The dashed curves Figs. 12 and 13 show the expected change in normalized concentration for the jet in the absence of the shock wave ͑in this case, ϵ0͒. In this case each curve reflects exactly the result c*ϳ(xϪx 0 )
Ϫ1 expected for turbulent jets. For the cases with shock interaction ͑solid curves͒, the fit generated by the simple argument developed above provides a reasonable fit to the experimental data, suggesting that the observations can be explained, to some extent, by the presence of the two individual time scales.
D. Spatially averaged scalar dissipation
A useful measure of mixing activity and the level of mixedness can be attained by considering the scalar dissipation in the field of mixing fluids. The scalar dissipation is defined as "c""c, which can be expressed for the planar images acquired in this work as
͑6͒ Figure 14 shows two examples of the spatial distributions of the scalar dissipation for the helium jet and the corresponding region for the helium jet with shock interaction. Qualitatively, the unshocked jet regions contain higher concentration gradients and higher magnitudes of scalar dissipation than the corresponding regions for the shocked jet. The magnitude of local scalar dissipation is a measure of the local mixing activity as the steep concentration gradients are dissipated due to diffusion. As the mixing proceeds from an initially unmixed to a completely mixed state, scalar dissipation goes through a maximum since the end states are both of uniform concentration. In this experimental investigation, the spatially averaged scalar dissipation rates were computed over segments of shock processed jet fluid and compared with the corresponding unshocked jet regions. Here, the spatially averaged scalar dissipation was computed as Figure 15 shows three sets of representative spatially averaged scalar dissipation profiles for unshocked and shocked helium jets at (xϪx 0 )/dϷ30 and (xϪx 0 )/dϷ50. The values of S were normalized by the reference value, S ref , just ahead of the shock wave. At (xϪx 0 )/dϷ30, it is seen that the shocked regions of the jet undergo a rapid reduction in the magnitude of spatially averaged scalar dissipation indicating a rapid mixing and approach to more uniform concentrations, as compared with the unshocked jet. At (x Ϫx 0 )/dϷ50, the spatially averaged scalar dissipation in the shocked regions of the jets are somewhat lower than the corresponding unshocked regions but this effect is much less that at (xϪx 0 )/dϷ30, at least for Ϫ10Ͻx /dϽ0. This is due to the significant dilution of the helium jets at this location prior to the shock processing.
For the air jets at (xϪx 0 )/dϷ30, scalar dissipation profiles also become flat and have somewhat lower values in the shocked regions as shown in Fig. 16͑a͒ . The decay of scalar dissipation with increasing downstream distance ͑i.e., increasing x ) observed in unshocked jets appears to be not present in the shocked jets. The amount of reduction in scalar dissipation upon shock processing is less than that for helium jets. This is attributed to the absence of the baroclinic vorticity generation mechanism in the essentially uniform density air jet cases and the nature of the shock/turbulence interaction, as discussed previously. At (xϪx 0 )/dϷ50, as shown in Fig 16͑b͒, the scalar dissipation is slightly lower for the shocked jets for Ϫ10Ͻx /dϽ0, but it does not exhibit the same level of change found in helium jets at the same downstream location.
IV. SUMMARY AND CONCLUSIONS
A series of experiments was conducted to investigate the influence of weak shock waves upon the mixing behavior of turbulent jets at three density ratios. The helium, air, and carbon dioxide jets were each injected into an air coflow. The helium jet is relevant in characterization of mixing for injection of hydrogen fuel into hypersonic air streams in hypersonic propulsion systems. The carbon dioxide jet would be characteristic of the injection of a hydrocarbon fuel, such as propane, in a similar system. The planar, instantaneous concentration distributions in the field of turbulent jets swept by weak shocks were obtained by Mie scattering of laser light. The results were analyzed and compared with the similar images of unshocked jets.
Passage of a shock through low-density ͑helium͒ jets resulted in the formation of a toroidal vortex-like structure downstream of the shock. The vortical structure was somewhat more pronounced for the stronger (M Ϸ1.45) shock than for the case of the weaker (M Ϸ1.23) shock, and was also more apparent at the downstream location of (x Ϫx 0 )/dϷ50 than for (xϪx 0 )/dϷ30. The probability density functions ͑pdf͒ of jet fluid concentration were determined from these Mie scattering signal distributions for the regions behind the shock position for each acquired image. The pdfs were evaluated over rectangular regions, which included the shock-jet interaction ͑i.e., regions of the jet processed by shock waves͒ and they were compared with the corresponding regions of the free turbulent jet, taking into account the shifting of the jet fluid due to the convective flow field behind the shock wave.
For the helium jet, there was a distinct shift in the most probable fluid concentration toward lower values ͑i.e., more mixing͒ owing to shock passage. The amount of mixing enhancement, as determined by the mean mixed jet fluid concentration, decreased by almost 30% for the shock location of (xϪx 0 )/dϷ30. Considerably less mixing enhancement was apparent at the farther downstream location of (x Ϫx 0 )/dϷ50. The amount of mixing was moderately dependent on the strength of the normal shock waves for shock Mach numbers ranging from 1.23 to 1.45. In addition, the amount of mixing enhancement decreased substantially with downstream distance, owing to the decreasing concentration of helium in the jet. Both the generation of the observed large-scale vortex structure and the mixing enhancement are consistent with the production of baroclinic vorticity due to the misalignment of density and pressure gradients in the present experimental configuration. By comparison, shock passage through air jets, where baroclinic effects were absent, resulted in no measurable mixing enhancement. Thus, the mixing enhancement is greatly reduced in effectively isodensity fields, where the lack of significant density gradients in the air jets precluded the generation of significant amounts of the baroclinic vorticity. In addition, although the air jet fluid exhibited a similar shift in downstream location due to the high gas velocity downstream of the shock wave, the air jets did not show the vortex-like structure observed for the helium jets. Qualitatively, the carbon dioxide jet after shock passage appeared very similar to the air jet, in that it did not appear, at either downstream location, to exhibit the vortical structure that arose in the case of the helium jet. In addition, the carbon dioxide jet, like the air jet, did not show any measurable change in the amount of mixing in the region behind the shock wave due to shock passage. Thus, reversal of density gradients between jet and its surroundings, as represented by carbon dioxide jets into air compared with the helium jet, does not produce similar effects in term of mixing augmentation. This suggests that baroclinic torque has a different effect in the high-density carbon dioxide jet than in the lowdensity helium jet. Specifically, the sign of the baroclinic torque term, as dictated by the density gradient, appears to be key to defining the role of baroclinic vorticity generation in modifying the large-scale turbulent structure in these jets. It can also be noted that, for light jets, the generated baroclinic vorticity is of the same sense at that of the mean vorticity near the jet boundary. For the denser jet, the sense of the baroclinic vorticity would be opposite that of the mean jet vorticity. This suggests that the secondary structure generated by shock passage may play an important role in the mixing enhancement seen for the case of the light jet.
The spatial variation of mean concentration with distance behind the shock position was examined for the helium and air jets. In the jets without shock interaction, the average concentration decreased, as expected, with increasing downstream distance. For the cases with shock interaction, the mean jet fluid concentration decreased behind the shock wave, as compared to the concentration of the corresponding regions of unshocked jets. This decrease upon shock processing was especially rapid for the case of the helium jet at the location (xϪx 0 )/dϷ30.
A qualitative argument was developed to help characterize these trends in mean concentration due to shock passage. A dimensionless time scale was presented that characterized the ''age'' of the shock interaction at any given location in the jet by comparing the time period since shock passage to the characteristic large-scale mixing time, and also the mean concentration in the jet at a given downstream location prior to the interaction.
The shocked regions of the helium jet undergo a rapid reduction in the magnitude of spatially averaged scalar dissipation calculated from the concentration data. This is indicative of more rapid mixing leading to more uniform concentrations as compared with the unshocked jets. The change in the spatially averaged scalar dissipation is less pronounced at (xϪx 0 )/dϷ50 than at (xϪx 0 )/dϷ30. The scalar dissipation for air jets does not exhibit the same level of change found in helium jets due to shock passage.
